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Part  1  -  Introduction 


The  role  of  the  polypeptide  hormone  prolactin  (PRL)  in  the  pathogenesis  and  progression  of  human  breast  cancer 
has  become  established  in  recent  years.  Acting  at  the  autocrine/paracrine  level,  PRL  functions  to  stimulate  the  growth  and 
motility  of  human  breast  cancer  cells.  These  actions  require  the  presence  of  the  transmembrane  prolactin  receptor  (PRLr). 
The  classic  belief  is  that  the  PRLr  functions  “at  a  distance”  through  the  activation  of  signaling  networks.  However, 
numerous  reports  now  indicate  that  intact  transmembrane  receptors  localize  to  the  nucleus  and  directly  contribute  to 
transcriptional  activation.  Yet,  without  DNA  binding  capabilities  or  intrinsic  chromatin  remodeling  activity,  the 
mechanism  by  which  these  receptors  serve  to  regulate  transcription  remains  elusive.  In  this  thesis,  we  investigate  the 
function  of  nuclear  PRLr,  given  preliminary  observations  of  its  nuclear  presence.  For  the  first  time,  we  find  that  the 
prolactin  receptor  (PRLr)  localizes  to  the  nucleus  where  it  functions  as  a  co-activator  through  interaction  with  the  latent 
transcription  factor  StatSa  and  the  high  mobility  group  N2  protein  (HMGN2).  We  identify  a  novel  transactivation  domain 
(TAD)  within  the  PRLr  and  demonstrate  that  it  is  activated  by  ligand-induced  phosphorylation,  an  event  coupled  to 
HMGN2  binding.  Depletion  of  HMGN2  reduces  binding  of  PRLr  and  StatSa  to  chromatin,  and  results  in  impaired  StatSa- 
drive  gene  expression.  We  propose  that  the  PRLr-mediated  recruitment  of  HMGN2  facilitates  PRLr/StatSa  assembly 
onto  chromatin,  thus  enabling  StatSa-driven  transcription.  These  data  are  of  significant  importance  to  the  broad  field  of 
signal  transduction  as  they  expand  the  growing  field  of  cell  surface  receptor  nuclear  localization  to  include  a  novel 
receptor.  In  addition,  these  studies  are  of  note  as  they  elucidate  a  molecular  mechanism  though  which  cell  surface 
receptor-mediated  transcriptional  regulation  is  achieved.  A  direct  pathophysiologic  relevance  is  demonstrated  through 
observations  that  the  PRLr  TAD  is  necessary  for  in  vitro  anchorage-independent  growth  and  is  increasingly  activated  as  a 
function  of  neoplastic  progression  in  vivo  Our  data,  encompassing  the  mechanistic,  functional  and  biological  actions  of 
nuclear  PRLr,  provide  key  insights  into  full-length  cell  surface  receptor  nuclear  translocation,  a  phenomenon  that  has 
remained  elusive  for  nearly  two  decades. 
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Part  2  -  Proposed  Aims 


Three  specific  aims  were  proposed  in  this  pre-doctoral  award. 

Specific  Aims 

(1)  Evaluate  the  function  of  the  PRLr  as  a  potential  transcription  factor  and/or  StatSa  co-activator. 

(2)  Determine  the  molecular  mechanism  of  PRLr  nuclear  localization. 

(3)  Analyze  the  role  of  nuclear  PRLr  in  the  pathogenesis  of  human  breast  carcinoma. 


Part  3  -  Statement  of  Work 


The  tasks  to  achieve  the  specific  aims  above  are  covered  in  the  statement  of  work  as  outlined  below.  Completed  idems  of 
the  proposal  are  indicated  in  bold. 

Specific  Aim  1.  Evaluate  the  function  of  the  PRLr  as  a  potential  transcription  factor  and/or  StatSa  co-activator 
(Months  1-20): 

Experiment  1.1  -  What  domains  of  PRLr  are  necessary  and  sufficient  for  transactivation? 

a.  Months  1-4:  Construct  Gal4-PRLr  truncation  mutants  to  elucidate  the  transactivation  domain  of  PRLr 

b.  Months  4-7:  Perform  luciferase  experiments  with  constructs  in  293,  MCF7  and  T47D  cells 

c.  Months  7-12  Fine  map  the  transactivation  domain  of  the  PRLr. 

The  above  data  were  reported  in  the  2009  and  2010  Summary  of  Work.  These  data  are  also  included  in  the 
attached  paper. 

Experiment  1.2  -  Does  PRLr  bind  DNA  in  a  Stat5a  independent  manner? 

a.  Months  6-7:  Acquire  biotinylated  probes  for  EMSA 

b.  Months  7-8:  Perform  EMSA  studies  using  nuclear  extracts 

c.  Months  :  8-10:  Perform  in  vitro  transcription/translation  of  PRLr  and  StatSa 

d.  Months  10-20:  Perform  EMSA  studies  on  using  in  vitro  transcribed/translated  proteins 

We  have  identified  that  the  chromatin  modifying  protein,  HMGN2  binds  to  both  the  PRLr  transactivation  domain, 
and  StatSa.  We  therefore  performed  experiments  that  ask  the  question:  What  is  the  role  of  HMGN2  in  StatSa 
driven  gene  expression?  These  questions  have  be  investigated  and  are  presented  in  the  attached  paper. 


Specific  Aim  2.  Determine  the  molecular  mechanism  of  PRLr  nuclear  localization  (Months  1-24): 

Experiment  2,1  -  Does  PRLr  sequence  KPKK  facilitate  PRLr  and  StatSa  nuclear  localization  though  a  ^^classic^^ 
nuclear  import  pathway? 

a.  Months  1-4:  Construct  muPRLr  (KPKK  mutation)  construct 

b.  Months  4-8:  Perform  transfections  of  wt  and  mutant  PRLr  constructs  in  CHO  cells 

c.  Months  4-8:  Perform  western  blots  on  cytoplasmic  and  nuclear  extracts  of  CHO  transfectants 


We  have  performed  these  experiments  which  were  reported  last  year,  but  have  since  seen  that  mutation  of  the 
PRLr  NLS  has  no  effect  of  its  nuclear  localization.  However,  we  have  also  identified  two  specific  residues  that  are 
necessary  for  PRLr  transactivation  function.  Therefore,  we  are  utilizing  a  PRLr  transactivation  deficient 
construct  to  ask  the  question:  What  are  the  mechanistic  and  functional  effects  of  mutation  of  the  PRLr 
transactivation  domain? 
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Experiment  2.2  -  Is  Jak2  tyrosine  kinase  necessary  for  initiating:  PRLr  nuclear  localization? 

a.  Month  8:  Acquire  Jak2  inhibitor  (AG-490)  and  Jak2  siRNA 

b.  Months  9-10:  Perform  drug  treatment  and  on  T47D  cells 

c.  Months  9-10:  Perform  western  blot  analysis  on  T47D  nuclear  and  cytoplasmic  lysates 

-Probe  for  PRLr,  controls 

d.  Months  10-12:  Optimize  si-RNA  knockdown  of  Jak2 

e.  Months  12-14:  Perform  western  blot  analysis  of  T47D  cells  with  Jak2  knockdown 

-Probe  for  PRLr,  controls 

We  have  chosen  to  hold  off  on  these  experiments  so  that  we  can  explore  other  aims  more  rigorously. 


Experiment  2,3  -  Is  nuclear  PRLr  derived  from  the  cell  surface? 

a.  Months  14-16:  Optimize  biotinylation  conditions 

b.  Months  16-24:  Perform  biotinylation  experiments  in  nuclear/cytoplasmic  lysates. 

These  results  were  reported  in  the  2009/2010  Summary  of  work  and  are  presented  in  the  attached  paper. 

Specific  Aim  3.  Analyze  the  role  of  nuclear  PRLr  in  the  pathogenesis  of  human  breast  carcinoma  (Months  12-36): 

Experiment  3.1  -  Does  nuclear  tar2eted  PRLr  have  the  ability  to  induce  neoplastic  abnormalities  in  vitro? 

a.  Months  12-16:  Create  lentiviral  constructs 

b.  Months  16-20:  Create  stable  cell  lines 

c.  Months  20-24:  Perform  3-D  matrigel  assay 

d.  Months  22-24:  Perform  proliferation  assay 

e.  Months  24-28:  Perform  Growth  on  soft  agar  assay 


We  have  identified  the  PRLr  transactivation  domain  and  HMGN2,  the  protein  that  is  recruited  to  the  PRLr 
transactivation  domain,  and  is  involved  in  chromatin  regulation.  We  have  therefore  generated  the  following  cells 
lines  to  study  functional  effects: 

1.  PRLr  knockdown 

2.  wt  PRLr  overexpression 

3.  transactivation-deficient  PRLr  overexpression  (PRLr  Y406F/D411A) 

As  the  PRLr  knockdown  shRNA  targets  the  3’UTR,  we  are  created  rescue  cells  lines: 

1. PRLr  knockdown,  wt  PRLr  over  expression 

2.  PRLr  knockdown,  Y406FD411A  overexpression 

We  have  also  investigated  the  role  of  the  PRLr  TAD  in  neoplastic  progression  in  vivo.  Results  are  experiments  are 
detailed  in  Part  4. 
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Part  4  -  Results 


4.1  Specific  Aim  1.  Evaluate  the  function  of  the  PRLr  as  a  potential  transcription  factor  and/or  StatSa  co¬ 
activator. 


4.1.1  Mutation  of  the  PRLr  TAD  results  in  reduced  Stat5a-mediated  gene  expression,  but  does  not  affect  cell  surface 
signaling 

We  previously  demonstrated  that  PRLr  residues  Y406/D41 1  are  critical  for  PRLr-specific  transactivation  (DOD  Summary 
2010).  To  determine  the  importance  of  these  residues  in  StatSa-mediated  gene  expression,  we  contructed  MCF7  stable 
cell  lines  expressing  Empty  vector,  PRLr  or  PRLr  with  Y406F/D411A  mutation,  (herein  referred  to  as  PRLrYDmut). 
Indeed,  mutation  of  the  PRLr  TAD  prevents  PRL  stimulation  StatSa-mediated  CISH  transcription  (Figure  4A).  To 
demonstrate  that  TAD  mutation  did  not  affect  cell  surface  signaling  we  determined  the  ability  of  PRLrYDmut  to  bind  to 
and  activate  StatSa.  Subsequently,  western  blot  and  co-immunoprecipitation  analyses,  demonstrated  that  PRLrYDmut  did 
not  have  significant  defects  in  cell  surface  signaling,  thus  demonstrating  its  role  specifically  in  the  nucleus  (Figure  4B,C). 


4.1.2  The  PRLr  TAD  is  phosphorylated  in  a  PRL-dependent  manner 

Residue  Y406  within  the  PRLr  TAD  is  proposed  to  be  a  putative  phosphorylation  site,  so  we  next  investigated  its 
phosphorylation  status  in  response  to  PRL.  Indeed,  using  a  phospho-specific  antibody  we  found  that  Y406 
phosphorylation  occurred  in  a  PRL-induced  manner  (Figure  4D,  E).  Additionally  we  found  that  this  Y406 
phosphorylated-PRLr  is  seen  almost  exclusively  in  nucleus,  further  supporting  its  role  in  nuclear  PRLr-specific 
transactivation  (Figure  4F). 


4.1.3  The  PRLr  transactivation  domain,  but  not  the  transactivation  mutant  binds  to  HMGN2 

We  sought  to  confirm  that  HMGN2  the  yeast-two  hybrid  findings  -  that  HMGN2  binds  to  the  PRLr  and  specifically, 
binds  to  its  TAD.  To  do  this,  we  utilized  MCF7  stable  cell  lines  expressing  Empty  vector,  PRLr  or  transactivation- 
deficient  PRLrYDmut.  Co-Immunoprecipitation  results  revealed  that  HMGN2  binds  to  wtPRLr  but  not  PRLrYDmut  in  a 
PRL-dependent  manner.  (See  Appendix,  Figure  5A,B). 


4.1.4  HMGN2  but  not  HMGNl  is  necessary  for  PRL-induced  StatSa-mediated  transcription 

Previously  (reported  in  DOD  Summary  2010),  we  constructed  T47D  stable  knockdown  cell  lines  using  an  shRNA 
targeting  HMGN2,  or  a  non-silencing  shRNA.  Using  these  cell  lines  we  analyzed  PRL-induced  CISH  transcription. 
HMGN2  depletion  resulted  in  a  significant  decrease  in  PRL-induced  CISH  expression  (Figure  5E).  This  was  further 
confirmed  using  an  HMGN2  construct  that  lacked  the  ability  to  bind  to  nucleosomes  (Figure  5F).  An  siRNA  targeting 
HMGNl,  however,  yielded  no  significant  effect  (Figure  S4E,  F).  Thus,  these  data  demonstrate  the  importance  of 
HMGN2  on  PRL-induced  StatSa-mediated  gene  expression. 


4.1.5  HMGN2  is  necessary  for  PRLr  and  StatSa  assembly  onto  chromatin 

We  previously  found  that  HMGN2  is  bound  to  the  PRLr/StatSa  chromatin  complex  on  the  CISH  promoter  (DOD 
Summary  2010).  Given  the  putative  role  of  HMGN2  in  chromatin  remodeling/unfolding,  we  hypothesized  that  HMGN2 
may  be  important  in  promoting  the  binding  of  PRLr/StatSa  to  chromatin.  Indeed,  depletion  of  HMGN2  significantly 
decreased  the  binding  of  both  the  PRLr  and  StatSa  to  the  CISH  promoter  (Figure  6A,  B).  These  results  suggest  that 
HMGN2  play  a  crucial  role  in  the  activation  of  PRL-induced  gene  expression,  in  part,  by  facilitating  the  assembly  of 
PRLr/StatSa  onto  chromatin. 
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4.2  Specific  Aim  3  -  Analyze  the  role  of  nuclear  PRLr  in  the  pathogenesis  of  human  breast  carcinoma. 


4.2.1  PRLr,  but  not  PRLrYDmut,  promotes  soft  agar  colony  growth  in  vitro 

Given  the  association  of  the  PRLr  and  its  ligand  in  the  pathogenesis  of  breast  cancer  we  sought  to  elucidate  the  functional 
effects  of  PRLr  transactivation  activity.  Soft  agar  growth  of  cells  was  quantified  to  determine  if  the  transactivation 
function  of  nuclear  PRLr  was  relevant  to  tumorigenic  growth  in  vitro.  Parental  MCF10AAp53  cells  formed  only  a  small 
number  of  colonies,  consistent  with  previous  reports  (38).  Expression  of  PRLr  but  not  expression  of  PRLrYDmut 
significantly  augmented  colony  formation  (Figure  7A,  B).  These  results  imply  that  an  activated  PRLr  TAD  may  be 
required  in  order  for  PRLr  to  promote  a  transformed  phenotype. 

4.2.2  Translational  implications  of  Nuclear 
PRLr 


The  above  data  has  demonstrated  that  one 
of  the  critical  residues  in  PRLr 
transactivation,  Y406,  is  phosphorylated.  A 
phospho-specific  antibody  was  therefore 
developed  against  Y406  to  determine  where 
this  phosphorylation  might  occur,  and  how 
this  phosphorylation  might  be  related  to 
breast  cancer  progression.  To  determine  the 
relationship  between  PRLr  Y406 
phosphorylation  and  neoplastic  progression, 
we  performed  microscopic  evaluation  of 
immunohistochemistry  (IHC)  on  a 
progression  breast  tissue  microarray 
(TMA). 

The  TMA  consisted  of  12  patient-matched 
normal,  tumor  and  lymph  node  metastasis 
breast  tissue  samples  from  ER+/Her- 
patients  as  well  as  8  patient-matched 
normal,  tumor  and  lymph  node  metastasis 
and  8  patient-matched  normal  and  tumor 
samples.  Additionally  the  array  included  4 
non-matched  tumor  samples  from  ER- 
/Her2-  patients.  PRLr  Y406  phosphorylation 
was  primarily  observed  in  the  nucleus  of 
tissue  samples,  consistent  with  the 
hypothesis  that  phosphorylation  activates 
the  nuclear  function  of  the  PRLr.  Visual 
scoring  of  PRLr  Y406  phosphorylation 
revealed  a  significant  increase  specifically 
in  nuclear  intensity  of  primary  breast  tumor  and  in  lymph  node  metastasis  samples  in  comparison  to  normal  samples 
(Figure  A).  This  data  suggests  that  phosphorylation  of  Y406  may  be  crucial  for  PRLr  transactivation,  and  may  initiate  or 
contribute  to  a  tumorigenic  phenotype. 


Normal  Primary  tumor  LN  Met 


B  C 


Nuclear  staining  Cytoptasmic  staining 


Figure  A.The  PRLr  TAD  phosphorylation  is  increased  as  a  function  of 
neoplastic  progression.  (A)  Representative  anti-phosphoY406  PRLr  IHC 
from  matched  normal,  primary  tumor  and  lymph  node  metastasis  breast 
tissue.  The  photomicrograph  demonstrates  the  observed  increase  in  PRLr 
Y406  phosphorylation  in  malignant  tissues,  with  accumulation  in  the  cell 
nucleus.  Magnification  =  original  x40.  (B)  Quantification  of  nuclear  PRLr 
Y406  phosphorylation.  (C)  Quantification  of  cytoplasmic  PRLr  Y406 
phosphorylation  The  results  are  shown  as  the  mean  ±  SEM.  Normal, 
normal  breast  tissue;  Tumor,  primary  breast  tumor;  LN  Met,  Lymph  Node 
Metastasis;  IHC,  immunhistochemistry;  **,  p<0.01;  ***,  p<0.001. 
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Part  5  -  Key  Research  Accomplishments 


•  Identification  of  critical  residues  in  the  PRLr  transactivation  domain 

•  Verification  that  HMGN2  binds  to  the  PRLr  and  is  recruited  to  the  CISH  promoter  upon  PRL  stimulation 

•  Cloning  of  several  retroviral  constructs,  and  development  of  expertise  in  retroviral  transduction 

•  Providing  key  insight  into  the  role  of  the  PRLr  as  a  transcriptional  coactivator 

•  Providing  evidence  for  the  mechanism  of  PRLr  nuclear  localization 

•  Development  of  presentation  skills  through  numerous  departmental  and  cancer  center  wide  talks 

•  Development  of  collaboration  skills  by  learning  techniques  perfected  by  adjacent  laboratories 

•  Development  of  mentor  skills  by  assisting  in  colleagues  paper  revisions  and  by  teaching  new  techniques 

•  Submission  of  a  manuscript  to  Molecular  Endocrinology 

•  Completion  of  thesis 
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Part  6  -  Reportable  Outcomes 


6.1  Publications: 

•  Fiorillo,  Alyson  A.,  Medler,  Terry  R.,  Feeney,  Yvonne  B.,  Gadd,  Liu,  Yi,  Tommerdahl,  Kalie  L.  and  Clevenger, 
Charles,  V.  Molecular  Endocrinology.  2011  'The  prolactin  receptor  transactivation  domain  binds  HMGN2  to 
regulate  StatSa-driven  gene  expression. ''  Submitted. 

•  Fiorillo,  Alyson  A.,  Feeney,  Yvonne  B.,  Medler,  Terry  R.,  Tommerdahl,  Kalie  L.,  Clevenger,  Charles  V. 
American  Journal  of  Pathology.  2011  “The  PRLr  transactivation  domain  contributes  to  ERa  and  PR  transcription 
and  is  associated  with  malignant  progression.”  In  preparation. 

•  Zheng,  Jiamao,  Fiorillo,  Alyson  A.,  Medler,  Terry  R.,  Feng,  Fang,  Clevenger,  Charles,  V.  Journal  of  Biological 
Chemistry.  2010  “Negative  cross-talk  between  NFATl  and  STATS  signaling  in  breast  cancer”.  In  Revision 

•  Fang  F,  Zheng  J,  Galbaugh  T,  Fiorillo  A,  Hjort  E,  Zeng  X,  Clevenger  C.  J.  Molecular  Endocrinology.  2010 
“Cyclophilin  B  as  a  co-regulator  of  prolactin-induced  gene  expression  and  function  in  breast  cancer  cells.” 


6.2  Selected  Poster  Presentation  and  Abstracts  (5  of  15) 

•  Cancer  Center  Retreat  (2010)  Northwestern  University 

Alyson  A.  Fiorillo,  Samantha  L.  Gadd,  Feng  Fang,  Yvonne  Feeney,  Kalie  Tommerdahl  and  Charles  V. 
Clevenger.  ‘Eigand  induced  phosphorylation  of  the  PRLr  activates  its  transactivation  activity  through 
interaction  with  the  chromatin  modifying  protein,  HMGN2.  ” 

•  AACR  Annual  Meeting  (2009)  Denver,  CO 

Alyson  A.  Fiorillo,  Samantha  L.  Gadd,  Feng  Fang  and  Charles  V.  Clevenger.  ‘‘Nuclear  PRLr  Functions  as  a 
Transcriptional  Activator'' 

•  Endocrine  Society  Meeting  (2008)  San  Francisco,  CA  (Invited  Poster  Competition) 

Alyson  A.  Fiorillo,  Samantha  L.  Gadd,  Feng  Fang  and  Charles  V.  Clevenger.  “The  Role  of  Nuclear  Prolactin 
Receptor  as  a  Transcriptional  Activator. '' 

•  Northwestern  University,  Lewis  Lansberg  Research  Symposium  (2008)  Chicago,  IE 

Alyson  A.  Fiorillo,  Samantha  L.  Gadd,  Feng  Fang  and  Charles  V.  Clevenger.  “The  Role  of  Nuclear  Prolactin 
Receptor  as  a  Transcriptional  Activator. '' 

•  Gordon  Research  Conferences,  Prolactin/Growth  Hormone  (2008)  Ventura  Beach,  CA 

Alyson  A.  Fiorillo,  Samantha  L.  Gadd,  Feng  Fang  and  Charles  V.  Clevenger.  “The  Role  of  Nuclear  Prolactin 
Receptor  as  a  Transcriptional  Activator. '' 
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Part  7  -  Conclusions 


The  central  goal  of  this  grant  was  to  determine  the  role  ofh  PRLr  in  the  nucleus.  In  this  body  of  work,  we  have 
demonstrated  the  novel  intranuclear  actions  of  the  PRLr  as  a  StatSa  co-activator  and  as  such,  have  provided  a  more 
complete  understanding  of  the  complex  nature  of  PRLr  signaling.  The  data  within  herein  provides  key  mechanistic 
insight  into  the  phenomenon  of  transcriptional  regulation  of  cell  surface  receptors  by  demonstrating  that  the  plasma 
membrane-bound  prolactin  receptor  (PRLr)  localizes  to  the  nucleus  and  activates  StatSa-driven  transcription  by  mediating 
the  temporal  recruitment  of  HMGN2,  a  factor  involved  in  chromatin  modulation  and  transcriptional  activation.  A 
functional  TAD  within  the  PRLr  is  necessary  for  this  transcriptional  activation;  its  phosphorylation  may  serve  as  the 
initiation  factor  that  triggers  conversion  of  a  cell  surface  receptor  to  a  nuclear  co-activator.  Our  proposed  model  is  one  in 
which  1)  PRLr-mediated  recruitment  of  HMGN2  facilitates  the  association  of  PRLr  and  StatSa  with  the  CISH  proximal 
promoter  and  2)  the  coordinated  assembly  of  the  HMGN2/  StatSa/  PRLr  complex  onto  chromatin  initiates  CISH 
transcriptional  activation.  HMGN2  is  known  to  promote  transcription,  yet  it  possesses  no  DNA  sequence  specificity. 
Thus,  our  data  also  imply  that  the  PRLr  may  function  as  the  required  adapter  protein  that  tethers  HMGN2  to  promoter 
regions  in  a  sequence-specific  manner.  These  data  also  provide  a  plausible  solution  to  the  conundrum  of  how  differential 
gene  expression  profiles  are  conferred  by  cell  surface  receptors  that  activate  converging  pathways.  Hung  and  coworkers 
have  demonstrated  the  pathological  nature  of  nuclear  EGFr,  as  well  as  therapeutic  strategies  that  would  harness  the 
knowledge  of  nuclear  EGFr  action  in  cancer.  Preliminary  studies  have  demonstrated  the  potential  value  of  nuclear  PRLr 
as  a  novel  biomarker.  The  development  of  a  strategy  to  target  the  nuclear-only  functions  of  the  PRLr  while  leaving  its 
cell  surface  function  intact  could  therefore  be  of  therapeutic  value.  It  would  also  be  conceivable  to  exploit  the  outside-in 
function  of  the  PRLr  as  a  therapeutic  strategy  since  it  is  well  know  that  the  PRLr  is  expressed  in  the  majority  of  breast 
tumors.  One  possible  scenario  would  be  to  conjugate  a  DNA-damaging  agent  to  PRL,  and  allow  it  to  “piggyback”  into 
the  nucleus  with  the  PRLr.  There  is  already  at  least  one  successful  effort  to  use  nuclear  EGFr  as  a  means  of  introducing 
Auger-electron-emitting  ^^^In-radiolabelled  hEGF  into  the  nucleus,  to  promote  tumor  cell  death  (Wang  et  al  2001). 
However,  before  these  types  of  clinical  applications  can  be  pursed  with  nuclear  PRLr,  larger  cohorts  of  breast  cancer 
specimens  must  be  examined  to  conclusively  demonstrate  a  positive  correlation  between  nuclear  PRLr  and  breast  cancer 
pathogenesis.  Nevertheless,  the  work  presented  here  certainly  yields  implications  for  the  function  of  cell  surface  receptors 
in  normal  cellular  processes  and  malignant  progression. 
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8.1.1  Abstract 


The  direct  actions  of  transmembrane  receptors  within  the  nucleus  remain  enigmatic.  In  this  report  we  demonstrate  that  the 
prolactin  receptor  (PRLr)  localizes  to  the  nucleus  where  it  functions  as  a  co-activator  through  its  interactions  with  the 
latent  transcription  factor  StatSa  and  the  high  mobility  group  N2  protein  (HMGN2).  We  identify  a  novel  transactivation 
domain  within  the  PRLr  that  is  activated  by  ligand-induced  phosphorylation,  an  event  coupled  to  HMGN2  binding.  The 
association  of  the  PRLr  with  HMGN2  enables  StatSa-responsive  promoter  binding,  thus  facilitating  transcriptional 
activation  and  promoting  anchorage-independent  growth.  We  propose  that  HMGN2  serves  as  a  critical  regulatory  factor 
in  StatSa-driven  gene  expression  by  facilitating  the  assembly  of  PRLr/Stat5a  onto  chromatin,  and  that  these  events  may 
serve  to  promote  biological  events  that  contribute  to  a  tumorigenic  phenotype.  Our  data  imply  that  phosphorylation  may 
be  the  molecular  switch  that  activates  a  cell  surface  receptor  transactivation  domain,  enabling  it  to  tether  chromatin¬ 
modifying  factors,  such  as  HMGN2,  to  target  promoter  regions  in  a  sequence-specific  manner. 


8.1.2  Introduction 


In  the  mammary  gland,  the  signaling  cascades  induced  by  the  polypeptide  hormone  prolactin  (PRL)  require  the 
presence  of  the  cell  surface  prolactin  receptor  (PRLr).  Studies  focusing  on  PRLr  have  described  its  signaling  capabilities 
almost  exclusively  at  the  plasma  membrane,  and  have  demonstrated  that  upon  ligand  binding,  the  PRLr-associated  kinases 
Jak2,  Src,  and  Tec  become  activated  (1).  These  kinases  in  turn  activate  the  transcription  factors  StatSa  (2)  and  Elf5  (3) 
resulting  in  specific  patterns  of  gene  expression.  These  events  are  biologically  relevant  as  the  PRLr  and  its  downstream 
signaling  components  have  been  implicated  in  breast  cancer  pathogenesis.  Specifically,  the  PRLr  is  overexpressed  in 
breast  cancer  tissue  (4),  and  its  increased  stability  and  resistance  to  ubiquitin-mediated  degradation  prolongs  its  associated 
signaling  events  in  primary  breast  tumors  (5).  Epidemiologically,  high  PRL  serum  levels  are  associated  with  a  two-fold 
increase  in  breast  cancer  risk  (6). 

The  canonical  pathway  that  is  activated  by  PRL-PRLr  engagement  is  Jak2/Stat5a  (7).  Jak2  is  constitutively 
associated  with  the  PRLr,  and  is  activated  by  ligand  which  induces  the  phosphorylation  and  activation  of  StatSa  (8). 
These  events  ultimately  result  in  the  upregulation  of  PRL  target  genes  such  as  Cyclin  D1  (9)  and  CISH  (Cytokine 
Inducible  SH2-Containing  Protein)  (10),  whose  overexpression  in  breast  cancers  has  been  observed  (1 1). 

The  Jak2/Stat5a  pathway  is  widely  shared  with  other  transmembrane  receptors  such  as  epidermal  growth  factor 
receptor  (EGFR)  and  growth  hormone  receptor  (GHr);  however  the  mechanism  defining  the  specificity  of  induced  gene 
expression  between  these  receptor-signaling  pathways  remains  unknown.  Interestingly,  there  have  been  numerous  reports 
indicating  that  intact  transmembrane  receptors  localize  to  the  nucleus.  These  reports  include,  but  are  not  limited  to, 
members  of  the  ErbB  family  of  receptors  (12-16),  GHr  (17-18),  and  FGFr  (15,  19-22).  Additionally,  a  subset  of  these 
studies  has  demonstrated  that  nuclear-localized  transmembrane  receptors  contribute  to  transcriptional  activation. 
Examples  include  nuclear  EGFr-mediated  transactivation  of  Aurora  A,  iNOS,  and  COX-2  genes  (23)  (24-25),  nuclear 
FGFr  potentiation  of  c-jun  (22)  and  nuclear  GHr-mediated  upregulation  of  Survivin,  Mybbp,  and  Dysadherin  (18). 
Collectively,  these  observations  suggest  that  the  trafficking  of  a  cell  surface  into  the  nucleus  contributes  to  transcriptional 
activation  and  may  serve  to  impart  specific  patterns  of  ligand-induced  gene  expression.  However,  the  specific  mechanism 
by  which  intranuclear  receptors  serve  to  regulate  transcription  has  not  been  fully  described. 

In  this  study,  we  demonstrate  that  PRL  initiates  PRLr  nuclear  translocation  in  mammary  epithelial  cells  in  vitro, 
and  breast  tissue  in  vivo.  Furthermore,  we  identify  a  novel  PRLr  transactivation  domain  (TAD)  that  upon 
phosphorylation,  recruits  the  chromatin-modifying  protein  HMGN2,  enabling  Stat5a-mediated  gene  expression.  This  is 


the  first  report  to  identify  a  novel  TAD  within  the  PRLr  and  demonstrate  its  inducible  interaction  with  a  nucleosome- 
binding  protein  whose  presumed  functions  are  directly  related  to  transcriptional  activation. 


8.1.3  Results 


Intranuclear  localization  of  PRLr 

Preliminary  observations  in  our  laboratory  and  others  (26-27)  led  us  to  hypothesize  that  the  PRLr  may  localize  to 
the  nucleus.  Thus,  cell  fractionation  was  performed  on  T47D  breast  cancer  cells,  which  exhibit  high  endogenous  PRLr 
levels.  Utilizing  an  antibody  specific  to  the  PRLr  extraacellular  domain,  we  detected  full  length  PRLr  in  both  non-nuclear 
and  nuclear  fractions  (Figure  lA).  The  endoplasmic  reticulum  (ER)  membrane  protein,  calnexin  was  partitioned  to  the 
non-nuclear  fraction,  demonstrating  that  detected  nuclear  PRLr  was  not  the  result  of  contamination  from  newly-translated 
ER-localized  proteins.  Immunoblots  were  also  probed  with  anti-Lamin  B1  to  demonstrate  nuclear  purity.  An  antibody 
specific  to  the  PRLr  intracellular  domain  demonstrated  similar  results  (Figure  IB)  as  did  transient  transfection  of  epitope- 
tagged  PRLr  cDNA  in  MCF7  breast  cancer  cells  (Figure  SIA)  and  CHO  cells  (Figure  Sl-B).  These  findings  were  further 
confirmed  by  immunohistochemical  analysis  of  normal  and  malignant  breast  tissue  samples.  In  this  analysis  the  nuclear 
intensity  of  PRLr  in  tissue  samples  was  scored  from  0  to  3,  and  a  score  above  1.5  was  counted  as  positive.  Using  this 
method,  12/16  normal  breast  epithelial  samples  and  20/35  malignant  tissue  samples  showed  positive  nuclear  staining. 
Representative  pictures  from  these  analyses  are  shown  in  Figure  1C.  A  secondary  antibody  control  to  demonstrate 
antibody  specificity  was  performed  as  shown  in  Figure  SIC.  Taken  together,  these  results  clearly  demonstrate  that  the 
PRLr  is  present  in  the  nucleus  in  vitro  and  in  vivo. 

To  determine  whether  nuclear  PRLr  was  derived  from  the  cell  surface  or  from  an  independent  cytoplasmic  pool, 
biotinyation  of  T47D  cells  was  used  to  track  the  PRLr  from  the  cell  surface.  After  cell  fractionation  and  streptavidin 
immunoprecipitation,  a  significant  amount  of  endogenous  biotinylated  PRLr  was  detected  in  the  nucleus  as  a  function  of 
PRL  stimulation  (Figure  ID).  These  results  were  specific  to  the  PRLr,  as  the  cell  surface  receptor,  pi  Integrin,  despite  its 
ability  to  be  internalized,  was  not  detected  in  the  nucleus.  Our  results  therefore  suggest  that  a  significant  portion  of  the 
PRLr  that  accumulates  in  the  nucleus  is  both  derived  from  the  cell  surface  and  triggered  by  ligand  stimulation. 

Nuclear  PRLr  activates  StatSa-depeudeut  trauscriptiou 

Given  that  Stat5a  and  PRLr  interact  at  the  cell  surface  in  a  ligand-dependent  manner,  we  postulated  that 
PRLr/Stat5a  may  interact  in  the  nucleus.  PRLr  non-nuclear  and  nuclear  immunoprecipitates  in  T47D  cells  were  analyzed 
for  Stat5a  binding.  Indeed,  a  ligand-inducible  interaction  between  the  two  proteins  in  the  nucleus  was  observed. 


Comparable  results  were  seen  when  using  either  anti-PRLr  (Figure  2A)  or  anti-Stat5a  (Figure  S2A)  as  the 
immunoprecipitating  antibody. 

The  finding  of  an  interaction  between  the  PRLr  and  StatSa  suggested  that  the  two  proteins  exist  in  a  functionally 
important  nuclear  complex.  Previous  reports  have  shown  that  StatSa  binds  strongly  to  GAS  elements  on  the  CISH 
proximal  promoter  after  30  minutes  of  PRL  treatment  (28)  and  were  verified  here  (Figure  S2B).  Thus,  we  utilized 
chromatin  immunoprecipitation  (ChIP)  to  determine  whether  nuclear  PRLr  could  also  bind  to  the  StatSa-driven  CISH 
proximal  promoter  (see  schematic,  Figure  2B,  top).  In  untreated  T47D  cells,  an  anti-PRLr-ECD  antibody  precipitated  a 
small  but  detectable  amount  of  DNA  from  the  CISH  proximal  promoter,  while  PRL  stimulation  significanlty  enhanced 
this  binding.  PRLr  promoter  occupancy  was  observed  when  performing  ChIP  using  an  antibody  specific  to  the 
extracellular  domain  (LCD)  (Figure  2B,  bottom)  or  intracellular  domain  (ICD)  (Figure  S2C).  As  a  control  for  non¬ 
specific  DNA  binding,  it  was  determined  that  the  PRLr  was  not  significantly  enriched  a  region  downstream  of  the 
proximal  promoter  in  the  CISH  open  reading  frame. 

Based  on  the  above  findings,  we  hypothesized  that  nuclear  PRLr  may  function  as  a  StatSa  co-activator,  where 
StatSa  provides  the  DNA-binding  domain  that  tethers  PRLr  to  chromatin,  and  PRLr  provides  a  transactivation  domain 
(TAD)  to  promote  transcription.  Since  knockdown  or  overexpression  of  the  PRLr  would  alter  its  cell  surface  actions,  the 
C-terminal  addition  of  an  SV40  large  T  antigen  nuclear  localization  signal  (NLS)  was  utilized  to  force  the  nuclear 
localization  of  the  PRLr  (termed  PRLr-NLS)  (See  Schematic  Figure  2C,  expression  via  western  blot  Figure  S2D). 
Enhanced  nuclear  localization  of  each  construct  was  verified  by  fluorescence  microscopy  (data  not  shown).  To  measure 
the  effects  of  forced  PRLr  nuclear  localization  on  StatSa-regulated  gene  expression  a  CISH  reporter  construct  was  utilized 
(Figure  2C).  Overexpression  of  wild-type  PRLr  potentiated  reporter  activation  two-fold,  as  has  been  previously  reported 
(Figure  2D)  (Fang  et  ah,  2008).  However,  transfection  of  PRLr-NLS  potentiated  this  effect,  thus  revealing  a  significant 
correlation  between  PRLr  nuclear  localization  and  StatSa-induced  gene  expression  (Figure  2D). 

To  further  examine  this  phenomenon,  the  PRLr  intracellular  domain  (ICD)  was  fused  to  an  SV-40  NLS  and  this 
construct  was  overexpressed  in  MCF7  cells  (Figure  S2D).  As  NLS-ICD  lacks  a  signal  peptide  and  transmembrane 
domain  and  is  therefore  completely  devoid  of  cell  surface  signaling  capabilities,  this  approach  enabled  us  to  examine  the 
nuclear-only  properties  of  the  PRLr.  Indeed,  forced  nuclear  localization  of  the  PRLr  ICD  increased  CISH  reporter 
activity  compared  to  control,  further  demonstrating  the  transcriptional  function  of  nuclear  PRLr  and  suggesting  this 
function  resides  within  the  ICD  (Figure  2D). 


Since  the  actions  of  the  NLS-ICD  construct  were  enhanced  by  ligand  stimulation,  this  suggested  that  StatSa 
binding  to  GAS  elements  of  the  CISH  reporter  was  required  for  PRLr- specific  transactivation.  To  test  this  possibility,  the 
ability  of  NLS-ICD  to  activate  CISH  transcription  in  the  presence  of  a  constitutively  active  StatSa  (Stat5al*6)  was 
examined.  Interestingly,  overexpression  of  StatSa  1*6  in  MDA-231  cells  modestly  increased  reporter  activity,  while 
transfection  of  either  wild-type  PRLr  or  NLS-ICD  yielded  no  significant  effect.  However,  the  forced  nuclear  localization 
of  the  PRLr-ICD  coupled  with  the  expression  of  constitutively  active  StatSa  markedly  increased  reporter  activity, 
therefore  suggesting  that  activated  StatSa  is  required  for  PRLr  nuclear  action  (Figure  S2E). 

A  novel  transactivating  domain  within  PRLr 

We  hypothesized  that  the  PRLr  ICD  possessed  innate  transactivation  activity  based  the  ability  of  StatSa-mediated 
gene  expression  to  be  induced  by  the  forced  nuclear  localization  of  the  PRLr  ICD.  In  order  to  identify  the  region  that  may 
be  responsible  for  transactivation,  the  PRLr  LCD  or  ICD  domains  were  fused  to  a  Gal4  DNA  binding  domain  (DBD), 
and  a  UAS/GAL4-based  reporter  system  was  utilized  (Figure  3A).  While  Gal4-ICD  activated  the  Gal4-UAS  reporter 
-300  fold,  Gal4-ECD  yielded  no  significant  activity  (Figure  3B).  Notably,  the  transactivation  effects  observed  in  the 
presence  of  Gal4-ICD  were  seven-fold  higher  than  Gal4-StatSaTAD,  which  was  previously  demonstrated  to  be  a  potent 
transactivator  as  measured  by  the  Gal4-UAS  system  (29). 

We  next  constructed  sequential  C-terminal  truncations  of  Gal4-ICD  to  further  fine  map  the  PRLr  TAD  (Figure 
3C,  D).  Using  this  method,  we  identified  44  amino  acids  that  were  necessary  for  PRLr  transactivation  (404-448). 
Subsequent  cross-species  DNA  analysis  highlighted  a  small  region  of  homology  (residues  405-41 1)  in  which  four  residues 
were  highly  conserved  (Figure  3E).  To  determine  which,  if  any,  of  these  residues  were  integral  in  PRLr-specific 
transactivation,  we  performed  site-directed  mutagenesis  within  the  Gal4-404-448  fusion.  Interestingly,  Y406F  or  D411A 
mutations  significantly  decreased  transactivation,  while  their  simultaneous  mutation  completely  ablated  transactivation 
(Figure  3F). 

The  PRLr  TAD  is  critical  for  StatSa-driven  transcription 

The  above  data  led  us  to  hypothesize  that  introduction  of  the  transactivation-defective  double  mutation  into  full 
length  PRLr  (herein  referred  to  as  PRLrYDmut),  would  negatively  affect  Stat5a-mediated  transcription.  Thus,  stably 
transfected  pools  expressing  PRLr  or  PRLrYDmut  were  generated  from  parental  MCF10AAp53  cells  or  MCF7  cells 


(Figure  S3A,B).  MCF10AAp53  cells  were  selected  for  their  low  level  of  endogenous  PRLr  expression  and  signaling  and 
MCF7  cells  for  their  moderate  level  of  endogenous  PRLr  expression  and  signaling.  While  overexpression  of  the  PRLr 
significantly  enhanced  PRL-induced  CISH  mRNA,  expression  of  PRLrYDmut  significantly  compromised  in  this  effect  in 
both  stable  cell  pools  (Figure  4A,  Figure  S3D).  Expression  of  PRLrYDmut  also  significantly  diminished  PRL- 
stimulated  CISH  reporter  activity  (Figure  S3E). 

To  ensure  that  the  effects  of  PRLr-YDmut  expression  were  not  due  to  deficient  cell-surface  signaling,  the 
activation  of  downstream  messengers  was  assessed.  Western  blot  analysis  demonstrated  the  ability  of  the  transactivation- 
deficient  mutant  (PRLrYDmut)  to  induce  StatSa  (Figure  4B),  Akt  and  Erk  phosphorylation  (Figure  S3E).  Moreover, 
PRLrYDmut  retained  its  ability  to  bind  StatSa  both  in  the  cytoplasm  and  in  the  nucleus  (Figure  4C).  Collectively,  these 
data  indicate  that  mutation  of  the  PRLr  TAD  does  not  compromise  cell  surface  signaling  relevant  to  the  activation  of 
downstream  messengers.  Therefore,  the  reduction  in  PRL-induced  CISH  transcription  is  specifically  due  to  a  defect  in  the 
transactivation  capabilities  of  PRLrYDmut. 

It  was  intriguing  that  one  of  the  conserved  residues  required  for  PRLr  transactivation  was  a  tyrosine,  as  TADs  are 
known  to  be  regulated  by  a  variety  of  post-translational  modifications  including  phosphorylation  (30).  To  determine  if 
PRLr  residue  Y406  was  phosphorylated,  we  generated  a  phospho-specific  antibody  against  this  residue.  Indeed,  western 
blot  analysis  confirmed  that  Y406  was  rapidly  phosphorylated  in  response  to  PRL  (Figure  4D).  Immunofluoresence 
similarly  demonstrated  inducible  Y406  phosphorylation  and  a  significant  portion  of  this  phosphorylation  was  observed  in 
the  nucleus  (Figure  4E).  Immunoprecipitation  analysis  also  revealed  the  specificity  of  the  newly  generated  Y406 
antibody,  as  no  detectable  phosphorylation  of  Y406  was  observed  in  cells  expressing  PRLr-YDmut  (Figure  4F). 

Interaction  of  PRLr  and  HMGN2 

TADs  are  known  to  be  responsible  for  stabilizing  transcription  factors  at  specific  DNA  loci  and  facilitating  the 
recruitment  of  transcriptional  co-factors  (31).  Our  identification  of  a  novel  PRLr  TAD  led  us  to  hypothesize  that,  in 
concert  with  StatSa,  nuclear  PRLr  may  interact  with  other  proteins  involved  in  transcriptional  regulation.  A  yeast-two- 
hybrid  using  the  PRLr-ICD  as  bait  was  performed  previously  in  our  lab  to  identify  potential  PRLr  binding  proteins  (32). 
One  of  the  identified  proteins  was  the  high  mobility  group  protein,  HMGN2  (Gadd  and  Clevenger  2006,  unpublished 
data).  HMGN2  is  known  to  bind  to  the  nucleosome  core  particle  and  induce  structural  changes  in  chromatin  (33). 
Interestingly,  the  intranuclear  localization  of  HMGN2  has  been  shown  to  be  associated  with  regions  of  highly  active 


transcription  (34).  Based  on  this,  we  postulated  that  HMGN2  binds  to  the  PRLr  TAD  and  regulates  StatSa-mediated 
transcription. 

To  verify  yeast-two-hybrid  results,  the  Gal4  system  was  utilized.  HMGN2  and  either  wild-type  or  mutant  Gal4- 
PRLr  constructs  were  transfected  into  cells  expressing  a  stably  integrated  Gal4-UAS  reporter.  Co-immunoprecipitation 
with  anti-Gal4  followed  by  immunoblot  analysis  demonstrated  the  association  of  the  PRLr  TAD  (404-448)  and  HMGN2, 
while  binding  was  not  observed  between  HMGN2  and  the  TAD  mutant  (Y406FD411A)  (Figure  5 A),  or  a  domain 
adjacent  to  the  TAD  (data  not  shown). 

To  further  confirm  these  results  in  the  full  length  PRLr,  co-immunoprecipitation  studies  with  stably  transfected 
T47D  cell  pools  were  performed.  PRL  stimulated  the  association  of  PRLr  with  HMGN2,  while  mutation  of  the  TAD 
(PRLrYDmut)  abolished  this  interaction  (Figure  5B).  Additionally,  PRL-induced  Y406  phosphorylation  was  detected  in 
HMGN2  control  or  wild-type  PRLr  immunoprecipitates  (Figure  5B).  Co-immunoprecipitation  analysis  using  an  anti-V5 
antibody  further  confirmed  these  findings  (data  not  shown).  Collectively,  these  results  demonstrate  a  ligand-inducible 
interaction  between  the  PRLr  and  HMGN2  and  indicate  that  phosphorylation  may  be  the  molecular  switch  that  facilitates 
TAD  activation  and  subsequent  HMGN2  recruitment. 

We  next  sought  to  determine  the  extent  of  HMGN2  occupancy  at  StatSa-target  promoter  regions,  via  ChIP.  A 
PRL-induced  association  between  HMGN2  and  the  CISH  proximal  promoter  region  was  observed,  (Figure  5C)  further 
supporting  the  hypothesis  that  HMGN2  is  a  critical  factor  in  facilitating  StatSa-mediated  transcription. 

The  ability  of  HMGN2  to  potentiate  the  StatSa-driven  transcription  was  next  investigated.  HMGN2 
overexpression  significantly  enhanced  CISH  reporter  activity,  while  the  combination  of  PRLr  and  HMGN2  yielded  an 
additive  effect  (Figure  5D).  Furthermore,  shRNA-mediated  knockdown  of  HMGN2  impaired  PRL-induced  CISH 
mRNA  (Figure  5E,  knockdown  efficiency  shown  in  Figure  S4A,B).  These  results  were  confirmed  using  siRNA- 
mediated  HMGN2  depletion  with  a  second  target  sequence  (Figures  S4C,D). 

High  mobility  group  family  member  HMGNl  exhibits  high  homology  and  similar  function  to  HMGN2  (35).  We 
therefore  performed  siRNA-mediated  knockdown  to  determine  if  HMGNl  also  played  a  role  in  PRLr-mediated 
transactivation.  However,  as  shown  in  Figures  S4E  and  S4F,  HMGNl  knockdown  had  no  effect  on  CISH  mRNA  levels. 
To  complement  siRNA  data  and  to  rule  out  off-target  effects,  a  dominant  negative  HMGN2  mutant  was  generated  by 
replacement  of  two  highly  conserved  serines  within  the  nucleosome  binding  domain  (S24E/S28E,  termed  NBDmut). 
Mimicking  serine  phosphorylation  at  these  sites  has  been  previously  shown  to  prevent  HMGN2  chromatin  binding  (36). 


Interesintly,  while  wild-type  HMGN2  overexpression  potentiated  CISH  mRNA  induction  in  MCF7  cells,  NBDmut 
expression  almost  completely  prevented  this  induction  (Figure  5F)  suggesting  that  the  HMGN2  NBD  is  required  for  its 
effects  on  StatSa-target  gene  expression. 


Regulation  of  PRLr  and  StatSa  promoter  engagement  by  HMGN2 

HMGN2  is  thought  to  facilitate  chromatin  decompaction  through  its  chromatin  unfolding  domain  (37).  Based  on 
this,  we  hypothesized  that  HMGN2  may  enable  StatSa  and  PRLr  promoter  binding.  To  test  this,  chromatin 
immunoprecipitation  on  shHMGN2  or  shNS  cell  pools  was  performed.  As  shown  in  Figure  6A  and  B,  knockdown  of 
HMGN2  decreased  the  relative  amount  of  PRLr  and  StatSa  bound  to  the  CISH  promoter  by  6-fold  and  2-fold, 
respectively.  Taken  together,  these  data  indicate  that  HMGN2  may  facilitate  recruitment  of  these  factors  to  the  CISH 
promoter  and  is  required  for  maximal  PRL-induced  CISH  transcription. 


The  PRLr  TAD  is  necessary  for  a  transformed  phenotype  in  vitro 

Given  the  association  of  the  PRLr  and  its  ligand  in  the  pathogenesis  of  breast  cancer  we  sought  to  elucidate  the 
functional  effects  of  PRLr  transactivation  activity.  Soft  agar  growth  of  cells  was  quantified  to  determine  if  the 
transactivation  function  of  nuclear  PRLr  was  relevant  to  tumorigenic  growth  in  vitro.  Parental  MCFlOAApSS  cells 
formed  only  a  small  number  of  colonies,  consistent  with  previous  reports  (38).  Expression  of  PRLr  but  not  expression  of 
PRLrYDmut  significantly  augmented  colony  formation  (Figure  7A,  B).  These  results  imply  that  an  activated  PRLr  TAD 
may  be  required  in  order  for  PRLr  to  promote  a  transformed  phenotype. 


8.1.4  Discussion 


In  this  report,  we  provide  strong  evidence  that  in  addition  to  its  cell  surface  signaling  functions,  the  PRLr 
possesses  co-activator  function:  1)  it  localizes  to  the  nucleus,  2)  has  a  defined  TAD  with  potent  activity,  3)  associates  with 
both  the  transcription  factor  StatSa  and  the  nucleosome  binding  protein  HMGN2,  4)  engages  with  chromatin,  and  finally 
4)  aids  in  the  activation  of  StatSa-mediated  gene  expression.  Collectively,  our  data  imply  that  PRL-induced  TAD 
phosphorylation  initiates  the  co-activator  activity  of  nuclear  PRLr.  Although  potent  TADs  have  been  indentified  in  other 
transmembrane  receptors  (13,  39),  this  is  the  first  study  to  identify  that  ligand-induced  phosphorylation  may  be  a  key 
regulatory  switch  that  triggers  the  transactivating  function  of  a  cell  surface  receptor. 

We  have  performed  numerous  homology  searches  that  have  demonstrated  the  identified  PRLr  TAD  is  not  shared 
by  the  larger  family  of  cytokine  receptor  family  members,  however,  this  was  not  unexpected.  First,  this  novel  domain 
lies  outside  of  the  membrane-proximal  Box  1,  X  box.  Box  2,  V  box  motifs  shared  amongst  all  cytokine  receptor  family 
members  (40).  Second,  a  report  focusing  on  GHr,  the  cytokine  receptor  most  similar  to  the  PRLr  (41)  identified  a  TAD 
within  the  GHr  LCD,  rather  than  the  ICD  (39).  Thus,  it  is  possible  that  other  cytokine  receptor  family  members  possess 
unique  TADs  in  regions  unique  to  that  specific  receptor. 

There  are  now  several  reports  suggesting  how  transmembrane  receptors  localize  to  the  nucleus.  One  report 
suggests  that  the  protein  translocon  Sec61  could  extract  a  transmembrane  protein  from  the  lipid  bilayer,  expelling  it  into 
the  cytoplasm  and  leaving  it  accessible  for  nuclear  import  (42).  Another  possible  mechanism  is  one  in  which  a  protein 
within  the  nuclear  import  machinery  assists  in  extricating  a  receptor  from  the  plasma  membrane.  This  has  been  observed 
for  both  FGFr  and  the  GHr  LCD,  where  the  subsequent  nuclear  localization  of  these  proteins  seems  to  be  dependent  on 
importin  a/p,  a  component  of  multiple  nuclear  import  pathways  (18,  22). 

The  PRLr  TAD  is  rapidly  phosphorylated  in  response  to  ligand  (Figure  4D).  We  propose  that  Jak2,  which  is 
bound  to  the  PRLr  and  required  for  PRLr  signal  transduction,  (8)  may  be  the  tyrosine  kinase  that  is  responsible  for  this 
rapid  phosphorylation  event.  Jak2  has  also  been  found  in  the  nucleus,  where  in  response  to  PRL,  it  phosphorylates  the 
transcription  factor  NF1-C2  (43).  However,  since  Jak2  activation  alone  is  not  sufficient  for  the  full  signaling  properties  of 
PRLr  (44)  it  is  possible  that  another  kinase  such  as  Src  or  Tec  may  be  involved  (45).  We  view  these  alternative  kinases  as 
less  likely  candidates  since  their  kinetics  of  activation  lag  behind  that  of  PRLr  Y406  phosphorylation. 

There  are  many  lines  of  evidence  that  the  nuclear  localization  of  cell  surface  receptors  may  contribute  to  the 
pathology  of  malignant  progression  (12,  18,  46).  In  the  context  of  these  studies,  we  have  seen  that  in  vitro 


overexpression  of  transactivation-deficient  PRLrYDmut  diminishes  the  ability  of  cells  to  grow  in  soft  agar.  In  vivo,  we 
have  observed  abundant  PRLr  Y406  phosphorylation  in  malignant  breast  tissue  as  compared  to  normal  breast  epithelium 
with  particular  nuclear  enhancement  in  metastatic  tissue  (Fiorillo  and  Clevenger  2011,  unpublished  data).  Collectively, 
these  data  point  to  a  mechanism  whereby  the  transactivating  properties  of  cell  surface  receptors  may  correlate  with  a 
malignant  state. 

We  have  demonstrated  that  the  PRLr  TAD  serves  to  recruit  HMGN2,  which  in  turn  enhances  the  binding  of  PRLr 
and  StatSa  to  the  CISH  promoter.  We  hypothesize  that  in  the  larger  PRLr/Stat5a/HMGN2  macromolecular  complex,  the 
following  events  occur:  1)  StatSa,  provides  the  DNA  binding  domain  that  enables  PRLr  assembly  onto  chromatin,  2)  the 
PRLr,  through  its  TAD,  tethers  HMGN2  to  the  CISH  promoter  thereby  providing  DNA  sequence  specificity  for  HMGN2, 
and  3)  HMGN2,  by  modulating  nucleosome  phasing  or  post-translational  histone  modifications,  creates  a  more  “open” 
chromatin  conformation  and  enables  the  engagement  of  transcriptional  elements  that  elevate  levels  of  gene  expression. 
A  similar  mechanism  has  been  shown  for  the  HMGN  family  member,  HMGN3  (47).  Here,  siRNA-mediated  depletion  of 
HMGN3  prevented  the  binding  of  the  transcription  factor  PDXl  to  the  Glu2  promoter  and  in  the  absence  of  PDXl, 
HMGN3  could  not  bind  Glu2  (47).  Given  that  HMGN  family  members  do  not  possess  DNA-sequence  specificity,  it  is 
reasonable  that  an  adapter  molecule  may  be  required  for  the  binding  of  HMGN2  at  specific  loci.  Therefore,  HMGN2  and 
PRLr  may  depend  on  each  other  to  mutually  reinforce  their  chromatin  binding  stability  and  assembly  onto  chromatin.  We 
propose  that  this  may  be  one  crucial  step  in  a  series  of  coordinated  events  that  regulate  CISH  transcription. 

There  are  numerous  and  sometimes  contradictory  studies  describing  the  role  of  HMGN2  in  transcription. 
Evidence  has  suggested  that  HMGN2  enables  chromatin  modifications,  specifically  H3K14  acetylation  (Herrera  et  ah, 
1999).  Using  the  murine  orthologue  of  CISH,  termed  Cis,  it  has  been  demonstrated  that  in  response  to  IL-3,  H3K14 
acetylation  at  the  proximal  promoter  is  modestly  increased  (48).  However,  this  event  was  not  sufficient  for 
transcriptional  activation  implying  that  Cis  chromatin  remodeling  may  also  depend  on  a  factor  involved  in  nucleosome 
sliding/displacement.  Since  the  chromatin  unfolding  domain  (CHUD)  of  HMGN  proteins  interacts  with  core  histone  tails 
and  induces  their  rearrangement  leading  to  chromatin  decompaction,  (49)  HMGN2  could  conceivably  be  the  “missing 
link”  involved  in  Cis  transcriptional  activation.  Through  its  interaction  with  core  histone  tails,  the  CHUD  may  also  serve 
to  recruit  factors  that  lead  to  post-translational  histone  modifications  such  as  H3K14  acetylation.  In  preliminary  studies, 
we  have  observed  a  reduction  in  H3K14  acetylation  at  the  CISH  promoter  as  a  result  of  HMGN2  depletion,  suggesting 
that  this  may  be  one  mechanism  by  which  HMGN2  activates  CISH  transcription  (data  not  shown). 


Several  lines  of  evidence  also  support  a  second  model  for  HMGN  whereby  it  counteracts  chromatin  compaction 
by  linker  histones.  This  has  been  shown  by  footprinting  of  HMGN  bound  to  nucleosome  core  particles  which  indicated 
that  HMGN  binding  sites  overlap  with  the  proposed  binding  sites  for  the  linker  histones,  namely  histone  HI  (50).  These 
models  (i.e.  HMGN2-mediated  chromatin  modifications  or  HMGN2-mediated  chromatin  decompaction  by  linked  histone 
competition)  are  not  mutually  exclusive  and  it  is  conceivable  that  HMGN  could  modulate  the  activity  both  of  the  linker 
histones  and  core  histone  tails  within  the  same  chromatin  regions,  or  that  one  mechanism  would  take  preference  over 
another  depending  on  the  chromatin  environment. 

A  larger  question  regarding  transmembrane  nuclear  localization  relates  to  the  physiological  context  of  receptors 
functioning  both  at  the  cell  surface  and  in  the  nucleus.  While  it  is  recognized  that  surface  receptors  share  many,  if  not 
most,  of  the  same  proximal  signaling  pathways,  currently  no  model  clearly  describes  how  the  cell  distinguishes  between 
different  receptors  that  activate  the  same  signaling  cascades.  The  nuclear  localization  of  transmembrane  receptors  could 
therefore  provide  a  partial  resolution  to  this  conundrum  of  receptor/signaling  pathway  differentiation  by  contributing  to 
specificity  in  output  gene  expression  which  would  otherwise  be  compromised  by  the  degeneracy  of  pathways  shared 
among  numerous  receptors.  We  therefore  propose  that  the  ability  of  a  cell  surface  receptor  to  recruit  regulatory  factors  to 
specific  promoter  regions  represents  a  general  mechanism  that  may  be  applicable  to  the  larger  field  of  nuclear-localized 
cell  surface  receptors.  In  corroboration  of  our  hypothesis  and  working  model,  two  recent  papers  have  been  published, 
demonstrating  interactions  between  EGFr/RNA  Helicase  (RHA)  (51),  and  ErbB2/progesterone  receptor  (52),  respectively. 
Additionally,  it  has  been  shown  that  the  transcription  factor.  Coactivator  Activator,  can  interact  with  a  TAD  within  the 
GHr  extracellular  domain  (39). 

The  concept  of  a  nuclear  transmembrane  receptor  functioning  at  both  the  non-genomic  and  genomic  level  can  be 
paralleled  to  that  of  the  estrogen  receptor  (ER).  ERs  have  now  been  shown  to  function  both  as  classic  transcription  factors 
and  as  signaling  factors  in  the  cytoplasm  (53).  This  convergence  of  these  ER  functions  at  multiple  response  elements 
provides  an  exceedingly  fine  degree  of  control  for  regulating  gene  expression.  Similarly,  the  convergence  of  the  cell 
surface  and  genomic  actions  of  the  PRLr  may  provide  a  unique  way  for  confer  receptor/pathway  specificity  at  the 
genomic  level  in  order  to  finely  tune  target-gene  expression. 

As  shown  in  Figure  8,  we  propose  a  working  model  in  which:  1)  PRL  stimulation  induces  PRLr  TAD 
phosphorylation  and  PRLr  nuclear  localization,  2)  the  PRLr-mediated  recruitment  of  HMGN2  facilitates  the  association  of 
PRLr  and  Stat5a  with  the  CISH  proximal  promoter  where  Stat5a  provides  the  DNA  binding  domain  necessary  for  PRLr 


chromatin  occupancy,  3)  the  coordinated  assembly  of  HMGN2/  StatSa/  PRLr  onto  chromatin  initiates  CISH 
transcriptional  activation.  We  propose  that  this  mechanism  enables  the  cell  to  differentiate  between  multiple  receptors 
that  activate  converging  pathways  by  providing  a  direct  connection  between  cell  surface  signaling  and  gene  regulation  in 
the  nucleus.  Given  that  an  activated  PRLr  TAD  is  required  for  anchorage-independent  growth  and  the  phosphorylation  of 
PRLr-Y406  is  present  in  malignant  breast  tissue,  the  observations  presented  here  may  have  direct  pathophysiologic 
relevance. 


8.1.5  Materials  and  Methods 


Prolactin  treatment 

Human  recombinant  PRL  was  a  gift  from  Dr.  Anthony  Kossiakoff,  University  of  Chicago.  PRL  was  added  to  cells  to 
yield  a  final  concentration  of  250  ng/mL. 

Cell  lines  and  culture 

T47D  and  MCF7  human  breast  cancer  cell  lines  were  obtained  from  American  Type  Culture  Collection  (Manassas,  VA) 
and  cultured  in  DMEM  (Dulbecco's  Modified  Eagle  Medium)  supplemented  with  10%  FBS  (fetal  calf  serum),  100 
units/mL  penicillin,  and  100  pg/mL  streptomycin  (Gibco,  Grand  Island,  NY).  293T/17  cells  with  stable  integration  of  the 
SV40  large  T  antigen  and  HER  cells  with  stable  integration  of  the  Gal4-UAS  luciferase  reporter  were  supplied  by  Dr. 
Debu  Chakravarti  and  were  cultured  in  DMEM  with  10%  FBS  and  lOOug/mL  streptomycin.  MCF10Adelp53  cell  lines 
were  a  gift  from  Dr.  Serge  Fuchs  and  were  cultured  in  DMEM/F-12  media  supplemented  with  10%  FBS,  100  units/mL 
pen/strep.  All  cells  were  incubated  in  a  humidified  5%  C02/95%  air  atmosphere  at  37°C. 

Plasmids 

Wild  type  PRLr  in  pTracer  and  the  C/SFf-luciferase  reporter  constructs  have  been  previously  described  (10).  PRLr 
cDNAs,  NLS-ICD  and  PRL-NLS  were  created  using  PCR  which  additionally  added  the  SV-40  nuclear  localization  signal 
(GCCCTAAAAAGAAGCGTAAAGTCG)  to  each  product.  PCR  products  were  ligated  into  pTracer  EF-V5/His 
(Invitrogen)  using  EcoRI  and  Notl  restriction  sites.  Gal4-PRLr  constructs  were  generated  by  PCR  to  amplify  specific 
regions  of  the  PRLr  intracellular  or  extracellular  domains.  PRLr  cDNAs  were  then  cloned  into  Gal4-pCMX  vector  using 
EcoRI  and  EcoRV  restriction  sites.  PRLrYDmut  was  generated  using  QuikChange  Lightning  mutagenesis  (Stratagene) 
using  the  parental  PRLr  pTracer  construct. 

pCMV-XL5  containing  HMGN2  cDNA  was  purchased  (Origene).  NBDmut  was  constructed  using  QuikChange  lightning 
site-directed  mutagenesis.  All  mutagenesis  primer  sequences  are  listed  in  Table  SI. 

Cell  Fractionation 

T47D  cells  were  grown  in  150  mm  dishes  until  they  reached  70%  confluency.  MCF7  or  CHO  cells  were  plated  24  h. 
prior  to  transfection  in  100mm  dishes,  then  transfected  with  2ug  of  PRLr  cDNA  using  Fugene  HD  (Roche).  Cytoplasmic 


and  nuclear  extracts  were  subsequently  obtained  using  NE-PER  (Pierce)  according  to  the  manufacturer’s  protocol.  5X 
laemmli  buffer  was  added  to  non-nuclear  and  nuclear  samples.  Samples  were  then  boiled  for  5  min,  then  subjected  to 
SDS-Page  using  a  4-20%  Tris-HCl  gradient  gel  (Bio-Rad).  Proteins  were  then  transferred  to  a  polyvinylidene  difluoride 
filters  (PVDF).  The  filters  were  blocked  in  casein  blocker  (Pierce)  for  1  h.  Following  blocking,  the  blots  were  incubated 
with  the  one  of  the  following  primary  antibodies  overnight  at  4^C:  anti-PRLr  ECD  (Invitrogen),  anti-PRLr-ICD  (Santa 
Cruz),  anti-Histone  H3  (Abeam),  anti-Lamin  B1  (abeam),  anti-Calnexin  (BD  Biosciences).  Antibodies  were  diluted  in 
casein  blocker/TBS  +  0.05%  tween).  Filters  were  washed  three  times  with  TBS  +  0.05%  tween,  then  probed  with 
horseradish  peroxidase-conjugated  secondary  antibody  for  1  hour  at  room  temperature.  Chemiluminescence  was  detected 
with  ECL  Plus  (Amersham),  and  images  were  collected  on  a  charge-coupled  device  camera  (Fuji). 

Immuohistochemistry 

Immunohistochemical  analysis,  as  previously  described  (4),  was  carried  out  with  an  anti-PRLr  antibody  (Santa  Cruz). 
Sections  of  5 pm  from  formalin-fixed  paraffin-embedded  tissue  microarrays  were  deparaffinized  in  xylene  and  rehydrated 
in  graded  alcohol.  After  deparaffinization,  heat  induced  antigen  retrieval  by  boiling  slides  in  10  mM  citrate  buffer  pH  6.0 
for  20  min  was  carried  out.  The  sections  were  blocked  with  a  peroxidase  blocking  system  (Dako,  Carpinteria  CA,  USA) 
for  10  min.  Sequential  incubations  included  the  following:  2%  normal  goat  serum  for  20  min;  anti-PRLr  antibody  at  1:25 
dilution  for  60  min  at  RT;  secondary  biotinylated  anti-rabbit  IgG  for  30  min;  and,  finally,  the  streptavidin-biotinylated 
horseradish  peroxidase  complex  reagent  (Dako)  for  30  min  at  RT.  After  incubations  slides  were  washed  three  times  in 
buffer  for  3  min  each.  Sections  were  then  exposed  to  the  chromagen  DABplus  (Dako)  for  5  min  and  were  counterstained 
in  hematoxylin,  dehydrated,  cleared  and  mounted.  In  this  analysis  the  nuclear  intensity  of  tissue  samples  was  scored  from 
0  to  3,  and  a  score  above  1.5  was  counted  as  positive,  as  previously  described  (4). 

Biotinylation 

Biotinylation  was  performed  using  sulfo-NHS  biotin  (Pierce)  according  to  manufacturer’s  protocol.  T47D  cells  in  were 
grown  in  150  mm  dishes  to  70%  confluency,  then  serum  starved  for  24  h.  prior  to  biotinylation.  Cells  were  lifted  off 
dishes  with  versene,  washed  three  times  with  10  ml  of  PBS  and  resuspended  in  200ul  of  2mM  sulfo-NHS-biotin  (Pierce) 
for  30  min  at  4®C  (to  prevent  active  internalization).  Reactions  were  quenched  for  10  min  with  500uL  PBS  containing 
100  mm  glycine.  Cells  were  stimulated  with  PRL  for  0,  10  and  30  min.  at  37®C.  Samples  were  then  separated  into  non- 


nuclear  and  nuclear  fractions  using  NE-PER  (Pierce)  according  to  manufacturer’s  protocol,  10%  of  each  sample  was 
aliquoted  for  input.  Nuclear  lysates  were  diluted  with  dilution  buffer  (20%  Glycerol,  1%  triton  X-100).  Streptavidin- 
agarose  beads  (Pierce,  50  pi  of  a  50:50  slurry)  were  then  added  to  500  pi  nuclear  and  nuclear  fractions,  and  the  suspension 
was  rocked  overnight  at  4  °C.  The  beads  were  washed  five  times  with  respective  lysis  buffers  (CER  or  NER).  Proteins 
were  then  eluted  from  beads  using  2X  lammeli  buffer  and  boiled  for  5  min  then  resolved  by  SDS-Page  on  a  4-20% 
gradient  gel  (Bio-Rad)  and  transferred  to  a  PVDF  membrane.  Membranes  were  blocked  as  stated  above  (see  cell 
fractionation),  probed  with  the  following  primary  antibodies  overnight  at  4®C:  anti-PRLr-ICD  antibody  and  anti-pi 
integrin  antibody  (Abeam)  as  a  negative  control.  Membranes  were  then  developled  as  stated  above  (see  cell 
fractionation).  5x  lamelli  buffer  was  added  to  input  samples,  then  samples  were  treated  as  above.  Membranes  with  input 
proteins  were  probed  with  an  anti-calnexin  primary  antibody  to  control  for  non-nuclear  contamination  in  nuclear  samples. 

Luciferase  assay 

Luciferase  assays  that  utilized  the  C/Sff-luciferase  reporter  were  conducted  as  previously  described  using  MCF7  cells 
(10).  Luciferase  assays  using  the  Gal4-UAS  reporter  construct  were  conducted  as  follows.  293T  cells  were  seeded  into  a 
24  well  plate  at  a  density  of  1.5x10^.  Cells  were  transfected  with  250  ng  of  luciferase  reporter,  2ng  of  renilla  reporter,  and 
10  ng  of  Gal4-PRLr  constructs  using  lipofectamine  2000.  Twenty-four  hours  post-transfection  were  lysed  through 
luciferase  assay  using  Dual  Reporter  Luciferase  reagents  (Promega)  and  read  by  a  Victor  Microplate  Reader  (Perkin 
Elmer).  All  transfections  were  performed  in  triplicate  or  quadruplicate,  and  each  individual  sample  was  read  in  duplicate. 
The  ratio  of  luciferase/renilla  was  calculated  and  the  results  are  reported  as  fold  change  compared  to  an  empty  vector 
control  (Gal4-UAS  reporter)  or  an  untreated  empty  vector  control  {CISH  reporter,  LHRE  reporter.) 

Cell  Fractionation  and  Nuclear  Co-Immunoprecipitation 

Cells  were  grown  in  150  mm  dishes  until  they  reached  70%  confluency,  followed  by  arrest  for  24  h.  Cells  were  then 
treated  with  PRL  (250  ng/ml)  for  the  indicated  times  (0,  10  or  30  min.).  Cytoplasmic  and  nuclear  extracts  were 
subsequently  obtained  using  NE-PER  (Pierce)  according  to  the  manufacturer’s  protocol.  Nuclear  lysates  were  diluted  with 
dilution  buffer  (20%  Glycerol,  1%  triton  X-100).  4  pg  of  anti-Stat5a  (Invitrogen)  or  anti-PRLr  (Santa  Cruz)  antibodies 
were  added  and  samples  were  rocked  overnight  at  4®C.  Subsequently,  50  pi  of  Dynal  protein  G  magnetic  beads 
(Invitrogen)  were  added  for  1  h  and  samples  were  collected  on  a  magnetic  particle  concentrator  (DynaMag-2,  Invitrogen) 


and  washed  in  the  appropriate  buffer;  cytosolic  samples  were  washed  in  CER  lysis  buffer,  and  nuclear  samples  were 
washed  in  dilution  buffer.  Bound  proteins  were  recovered  in  2X  laemmli  buffer  and  subjected  to  SDS-Page  using  a  4- 
20%  Tris-HCl  gradient  gel  (Bio-Rad).  Proteins  were  then  transferred  to  a  PVDF  membrane  and  normal  immunoblot 
procedures  were  followed  as  stated  above. 


Chromatin  Immunoprecipitation 

Chromatin  immunoprecipitation  was  conducted  as  previously  described  (54)  until  DNA  isolation,  then  the  Fast  ChIP  was 
employed  (55).  Specifically,  T47D  cells  were  arrested  in  phenol-free  medium  for  24  h  before  PRL  treatment  (250ng/ml) 
for  30  min.  Anti-PRLr,  anti-Stat5  (Santa  Cruz)  anti-  HMGN2  (Millipore)  and  anti-H3K14  (Millipore)  antibodies  were 
used  to  immunoprecipitate  protein-DNA  complexes.  Eluted  DNA  was  subjected  to  real-time  PCR  analysis  and  was 
normalized  to  input.  The  fold  change  was  subsequently  normalized  to  an  IgG  or  beads  only  control.  Primers  for  specific 
amplicons  are  listed  in  Table  SII. 

Retroviral  production 

Overexpression  cell  lines:  PRLr  or  PRLr  YDmut  in  pTracer  were  amplified  through  PCR  and  ligated  into  the  retroviral 
pBabe-GFP  vector  using  EcoRI  and  Sail.  Knockdown  cell  lines:  a  pre-designed  HMGN2  shRNA  pRFP  retroviral  vector 
was  purchased  from  Origene  and  the  PRLr  shRNA  was  designed  and  cloned  into  pRFP  vector  (Sequences  HMGN2: 
GTGTCAGGCAATCTGGACTTTCCAGTGAT;  PRLr  CAACTGCATAACCTTTACACT).  Recombinant  retroviruses 
for  pBabe,  PRLr,  PRLr  YDmut,  Scrambled  shRNA,  shHMGN2  and  shPRLr  were  generated  using  transfection  of  retroviral 
vectors  with  Lipofectamine  2000  (Invitrogen)  in  293T/17  cells  along  with  pVSVG  and  pGalPol  vectors.  Viral  supernatant 
was  collected  48  hours  post-transfection  and  added  to  the  appropriate  cell  lines  along  with  8  pg/mL  polybrene.  Cells  were 
spin-infected  at  500g  for  2  hours  at  32®C.  Infected  cells  were  enriched  by  FACS  sorting  for  GFP  (overexpression  cell 
lines)  or  puromycin  selection  (knockdown  cell  lines). 

HMGN2  Co-Immunoprecipitation 

Stably  transfected  T47D  cells  (expressing  Empty  vector,  wt  PRLr  or  PRLrYDmut)  or  stably  transfected  MCF7  cells 
expressing  Empty  vector,  wt  PRLr  or  PRLrYDmut)  were  grown  in  150  mm  dishes  until  70%  confluency  followed  by 


arrest  for  24  h.  before  PRL  treatment.  Cells  were  washed  with  PBS  and  then  pelleted  at  lOOOg  and  10%  of  each  sample 
was  taken  for  input.  Cell  lysis  and  immunoprecipitation  was  then  conducted  as  previously  described  (56).  Samples  were 
subjected  to  co-immunoprecipitation  with  4  pg  of  either  an  anti-HMNG2  antibody  (Millipore)  an  anti-V5  antibody 
(Invitrogen)  to  recognize  PRLr  or  an  anti-Gal4  antibody  (Santa  Cruz)  to  recognize  PRLr  truncation  constructs. 

Antibodies  were  added  to  samples  and  incubated  overnight  at  4®C.  50  pi  of  Dynal  protein  G  magnetic  beads  (Invitrogen) 
were  added  for  1  h  and  samples  were  collected  on  a  magnetic  particle  concentrator  (DynaMag-2,  Invitrogen)  and  washed 
in  the  appropriate  buffer  (see  Zhu  and  Hansen).  Bound  proteins  were  recovered  in  2x  Laemmli  buffer  and  run  on  a  4- 
20%  Tris-HCl  gradient  gel  (Bio-Rad),  followed  by  western  blot  analysis.  Membrane  was  blocked  with  casein  blocker 
(Pierce),  probed  with  anti-V5  or  anti-HMNG2  antibodies  and  visualized  by  chemiluminesence  (GE  Healthcare). 

RT-PCR  and  real-time  PCR 

Total  RNA  was  isolated  from  the  following  cells:  MCF7  and  MCF10AAp53  stable  cells  expressing  PRFr  constructs, 
MCF7  cells  with  transient  transfection  of  HMGN2  contructs,  T47D  cells  with  transient  or  stable  knockdown  of  HMGN2. 
RNA  was  isolated  using  EZ  mini-prep  kit  (Qiagen)  as  previously  reported  (57).  cDNA  was  synthesized  using  qScript 
(Quanta  Biosciences).  cDNA  was  diluted  to  2.5  ng/pl  (corresponding  to  RNA  concentration).  4  pi  cDNA,  1  pi  primers  (2 
pM  each),  and  5  pi  2x  Power  SYBR  MasterMix  was  used  for  real-time  PCR  in  10  pi  reaction  volume  performed  in  a  384- 
well  plate.  Real-time  PCR  was  conducted  on  an  ABI  7900HT  thermocycler  (Applied  Biosystems,  Foster  City,  CA).  All 
real-time  PCR  were  run  in  triplicate.  For  RT-PCR,  data  were  normalized  to  GAPDH  RNA  or  18S  rRNA.  Fold  change  for 
RT-PCR  is  represented  as  2-^^Ct^2^Cttarget-Ctl8SrRNA)PRL-(Cttarget-Ctl8SrRNA)control^  using  Empty  vector,  non-treated  as  a  baseline. 

Primers  used  are  listed  in  Table  SII. 

Immunofluoresence 

T47D  cells  were  grown  on  four-well  chamber  slides  to  ~50%  confluency  in  normal  growth  media  before  staining  with 
anti-phospho  PRFrY406  (NEB).  Cells  were  arrested  for  24  h.  then  treated  with  PRF  for  0,  5  and  15  min.  Cells  were 
rinsed  in  PBS  and  then  fixed  in  4%  paraformaldehyde/0.  IM  phosphate  buffer  (pH  7.4)  for  10  min.  Cells  were  blocked 
with  blocking  solution  (PBS,  1%BSA,  0.05%  Triton  X-100)  for  15  minutes  at  room  temperature  and  then  incubated  with  a 
1:25  dilution  of  anti-phospho  Y406  PRFr  (NEB)  diluted  in  blocking  solution  for  2  hours  at  RT.  After  washing  with  wash 
solution  (PBS,  0.05%  Triton  X  100)  cells  were  incubated  with  a  1:800  dilution  of  secondary  antibody  conjugated  to 


Alexafluor-388  (Invitrogen)  for  30  min.  Cells  were  washed  twice  with  PBS,  and  stained  with  Hoechst  (lug/mL  in  PBS) 
for  3  min.  Cells  were  washed  three  times  with  PBS,  and  then  mounted  using  anti-fade  mounting  medium  (Vector 
Laboratories  Inc.).  Images  were  visualized  using  confocal  microscopy. 

Western  Blotting 

For  signaling  studies,  the  indicated  cell  lines  (PRLr-expressing  T47D,  PRL-expressing  MCF10AAp53  and  CHO  cells 
transiently  transfected  with  wtPRLr  or  PRLrYDmut)  were  plated  in  10mm  dishes  at  70%  confluency.  Cells  were  arrested 
and  treated  with  250  ng/mL  PRL  for  the  indicated  time  courses.  Cells  were  lysed  in  RIPA  buffer  and  subjected  to  western 
blot  as  described  above.  Blots  were  probed  with  anti-Akt  (Cell  Signaling),  anti-phospho-Akt  (Cell  signaling),  anti-Erk, 
(Cell-signaling),  anti-phospho  Erk  (Cell  Signaling),  anti-Stat5a  (Santa  Cruz)  and  anti-phospho  Stat5a  antibodies 
(Invitrogen). 


siRNA-mediated  knockdown 

siRNA  knockdown  experiments  were  conducted  in  T47D  cells  as  has  been  previously  reported  (58).  The  Accell  SMART 
pool  siRNAs  against  HMGNl  were  purchased  from  Thermo  Scientific  catalogue  number  E-0 15567-00-0005.  The  siRNA 
against  HMGN2  was  purchased  through  Origene  catalogue  number  SR302144,  sequence  #3. 

Soft  agar 

Soft  Agar  was  carried  out  as  previously  described  (59).  Colony  size  and  number  were  quantified  using  Image!  software 
(NIH). 


Statistical  Analysis 

Statistical  analysis  was  performed  using  one-way  or  two-way  ANOVA  on  GraphPad  Prism  4  (La  Jolla,  CA).  The  results 
are  shown  as  the  means  with  error  bars  depicting  ±  SEM.  P  <  0.05  is  considered  as  statistically  significant  with  *  p<0.05, 
**  p<0.01,  ***  p<0.00L  All  experiments  were  performed  at  least  three  times  unless  otherwise  indicated. 


8.1.6  Figure  Legends 

Figure  1.  The  PRLr  is  present  in  the  nucleus  and  is  translocated  from  the  cell  surface.  (A-B)  Cell  fractionation  and 
western  blot  analysis.  T47D  cells  in  normal  growth  conditions  were  partitioned  into  nuclear  and  non-nuclear  fractions. 
An  anti-PRLr  antibody  specific  to  the  extracellular  domain  (A)  or  intracellular  domain  (B)  were  used  to  demonstrate  the 
nuclear  presence  of  full-length  PRLr.  To  demonstrate  that  proteins  from  the  endoplasmic  reticulum  (ER)  are  not 
contaminating  nuclear  fractions  non-nuclear  fractions  were  also  probed  with  anti-calnexin,  an  integral  ER  membrane 
protein.  Similarly,  nuclear  fractions  were  probed  with  anti-histone  H3  or  anti-Lamin  B1  antibodies  to  demonstrate  nuclear 
purity.  Whole  cell  lysate  samples  are  shown  parallel  to  nuclear  and  non-nuclear  fractions.  (C)  Immunohistochemical 
analysis  of  nuclear  PRLr  in  normal,  DCIS  and  invasive  breast  tissue.  Tissues  were  stained  with  an  anti-PRLr  ICD 
antibody.  (D)  Biotinylation  assay  to  detect  cell-surface  PRLr  in  the  nucleus  of  PRL-stimulated  T47D  cells.  T47D  cells 
were  serum  starved  for  24  h.  before  biotinylation  and  PRL  treatment.  After  cell  fractionation  nuclear  and  non-nuclear 
fractions  were  immunoprecipitated  with  streptavidin  beads.  Eluted  proteins  were  analysis  by  western  blot  analysis,  and 
probed  with  anti-PRLr.  10%  of  nuclear  and  non-nuclear  lysates  were  taken  out  prior  to  immunoprecipitation  and 
analyzed  by  western  analysis  for  ER  contamination  in  the  nucleus  using  an  anti-calnexin  antibody.  In  a  parallel 
experiment,  T47D  cells  were  biotinylated  and  PRL-treated.  After  streptavidin  immunoprecipitation,  samples  were 
analyzed  by  western  blot  using  an  anti-pi  integrin  antibody  to  demonstrate  a  biotinylated  cell  surface  protein  that  is 
internalized,  but  does  not  localize  to  the  cell  nucleus. 

Figure  2.  Nuclear  PRLr  associates  with  StatSa  and  facilitates  StatSa-driven  gene  expression.  (A)  T47D  cells  were 
serum  starved  for  24h.  prior  to  PRL  treatment  (10  min).  Cells  were  then  partitioned  into  non-nuclear  and  nuclear  lysates 
and  subjected  to  Co-immunoprecipitation  analysis  using  an  anti-StatSa  antibody.  Eluted  samples  were  analyzed  by 
western  blot  analysis  using  an  anti-PRLr  antibody.  Blots  were  stripped  and  re -probed  for  anti-StatSa.  10%  of  non-nuclear 
and  nuclear  lysates  were  aliquoted  prior  to  immunoprecipitation  and  analyzed  by  western  analysis  using  an  anti-calnexin 
antibody  as  a  control  for  contamination  in  the  nucleus.  (B)  Top;  Detail  of  the  CISH  promoter;  arrows  delineate  primers 
used  for  chromatin  immunoprecipitation  (ChIP).  The  primer  sets  represent  the  following  amplicons; 

(-104/-68),  the  CISH  proximal  promoter  and  (+311/+380),  the  CISH  downstream  coding  region.  Bottom;  PRLr 
association  at  the  indicated  regions  as  assayed  by  chromatin  immunoprecipitation.  PRLr  occupancy  at  the  CISH  proximal 
promoter  or  a  downstream  coding  region  was  analyzed  using  a  PRLr-ECD  antibody.  IgG  demonstrates  the  negative 


control  in  this  experiment  and  all  results  are  reported  as  fold  change  by  normalizing  to  IgG  conditions.  The  values  are 
those  of  a  representative  experiment  repeated  three  separate  times,  where  SEM  indicates  the  error  of  three  replicate 
measurements  within  one  experiment.  (C)  Top;  Schematic  of  constructs  to  force  the  nuclear  localization  of  PRLr  by  the 
addition  of  an  SV40  NLS.  Constructs  as  termed  PRLr-NLS  or  NLS-ICD.  Bottom;  Schematic  of  luciferase  reporter. 
(D)  CISH  luciferase  activity  in  MCF7  cells  transfected  with  the  indicated  cDNAs.  Cells  were  transfected  with  cDNAs  for 
24  h,  serum  starved  for  24h.  then  treated  with  PRL  for  an  additional  24  h.  Results  are  presented  as  fold  change  relative  to 
non-treated  empty  vector  control.  Values  are  those  of  a  representative  experiment  repeated  three  separate  times  where 
SEM  represents  the  error  of  three  replicates  performed  within  one  experiment. 

Figure  3.  Identification  of  a  novel  PRLr  TAD.  (A)  Top;  Schematic  of  Gal4-UAS  luciferase  reporter  and  Gal4-DBD 
PRLr  fusion  construct.  UAS  =  upstream  activating  sequence,  DBD  =  DNA  binding  domain.  Bottom;  Schematic  of  Gal4- 
ECD,  Gal4-ICD,  Gal4-Stat5aTAD,  or  Gal4  control  constructs.  (B)  Gal4-UAS  luciferase  activity  in  293T  cells  transfected 
with  Gal4-ECD,  Gal4-ICD,  Gal4-Stat5aTAD,  or  Gal4  control  constructs.  (C)  Gal4-UAS  luciferase  assay  measuring 
transactivation  of  PRLr  C-terminal  truncation  constructs  in  293T  cells.  (D)  Gal4-UAS  luciferase  activity  of  Gal4  fusion 
constructs  in  293 T  cells  with  the  indicated  PRLr  regions  as  determined  by  C.  (E)  Cross-species  sequence  alignment  of  the 
identified  PRLr  TAD  highlighting  four  conserved  residues  (gray).  (F)  Gal4-UAS  luciferase  activity  of  the  TAD  point 
mutations  in  293T  cells  as  determined  in  F.  Reported  values  are  those  of  a  representative  experiment  repeated  three 
separate  times,  where  SEM  indicates  the  error  of  quadruplicate  transfections  performed  within  one  experiment. 

Figure  4.  The  PRLr  transactivation  domain  contributes  to  StatSa-mediated  gene  expression.  (A)  Real  time  PCR 
performed  on  cDNA  collected  from  PRL-treated  MCF7  stable  cell  pools  (B)  to  determine  CISH  mRNA  induction.  MCF7 
transfectants  were  serum  starved  for  24  h.  prior  to  2h.  PRL  treatment.  Values  were  normalized  to  GAPDH  RNA  and  fold 
change  was  calculated  by  comparing  each  value  to  the  non-treated  control  sample  and  are  representative  of  three  separate 
experiments  with  SEM.  (B)  Western  blot  analysis  of  CHO  cells  transiently  transfected  with  StatSa,  Jak2,  and  either 
empty  vector,  PRLr,  or  PRLrYDmut  constructs.  Cells  were  transfected,  and  then  serum  starved  for  24  h.  prior  to  PRL 
treatment  (15  min).  Blots  were  probed  with  antibodies  against  phosphStat5a  or  Stat5a  and  demonstrate  the  ability  of 
PRLrYDmut  to  activate  Stat5a.  (C)  Co-immunoprecipitation  assays  performed  in  PRL-treated  T47D  stable  cells 
expressing  PRLrYDmut.  PRL-  treated  non-nuclear  and  nuclear  lysates  were  subjected  to  co-immunoprecipitation  using 


an  anti-V5  antibody  to  precipitate  PRLrYDmut.  Bound  proteins  were  analyzed  by  western  blot  using  an  anti-Stat5a 
antibody.  Blots  were  stripped  and  re-probed  using  an  anti-V5  antibody  to  demonstrate  proper  pull  down  of  mutant  PRLr 
(D)  PRL-treated  T47D  cell  lysates  subjected  to  Co-IP  using  an  anti-PRLr  antibody.  Precipitates  were  analyzed  by 
western  blot  with  an  anti-phosphoY406  PRLr  antibody  and  demonstrate  the  phosphorylated  of  PRLr  Y406  in  a  ligand- 
inducible  manner.  E)  Immunofluoresence  images  in  T47D  cells  using  confocal  microscopy.  T47D  cells  were  plated  in 
chamber  well  slides  and  grown  to  30%  confluency  then  serum  starved  for  24h.  Cells  were  treated  with  PRL  for  0,  5  or  15 
min,  then  fixed  and  stained  with  an  anti-phospho  Y406  PRLr  antibody.  Green=PRLr phosphoY406  PRLr  and  red=DAPI 
stained  nuclei.  (F)  Co-immunoprecipitation  analysis  of  PRL-treated  MCF7  stable  cell  pools  expressing  wild-type  PRLr 
or  PRLrYDmut.  Bound  proteins  were  analyzed  by  western  analysis  using  an  anti-phospho Y406  PRLr  antibody. 

Figure  5.  HMGN2  mediates  PRLr  transactivation  activity.  (A)  Co-immunoprecipitation  performed  on  HLR  cells  (with 
stable  integration  of  Gal4-UAS)  with  transient  transfection  of  the  indicated  Gal4  constructs.  Anti-Gal4  precipitates  were 
subjected  to  western  blot  analysis  with  an  anti-HMGN2  antibody.  (B)  HMGN2  co-immunoprecipitation  in  PRL-treated 
(30  min)  T47D  cells  expressing  V5-tagged  PRLr  and  PRLrYDmut.  Western  blots  were  analyzed  with  anti-V5  (PRLr), 
anti-HMGN2  or  anti-phospho  PRLr  Y406  antibodies.  (C)  ChIP  analysis  performed  on  PRL-treated  T47D  cells  using  an 
anti-HMGN2  antibody.  Standard  conditions  (24h.  serum  starvation,  30  min  PRL  treatment)  were  used.  (D)  CISH 
luciferase  activity  in  MCF7  cells  transfected  with  the  indicated  constructs.  MCF7  cells  were  serum  starved  for  24  h.  then 
treated  for  24  h.  with  PRL.  Results  are  representative  of  3  separate  experiments  with  SEM.  (E)  Real  time  PCR 
performed  on  cDNA  collected  from  T47D  cells  with  stable  expression  of  non-specific  shRNA  (shNS)  or  shRNA  against 
HMGN2  (shHMGN2).  Stable  T47D  cells  were  serum  starved  for  24  h.  prior  to  0,  1  or  4  h.  PRL  treatment.  (F)  Real  time 
PCR  performed  on  cDNA  collected  from  MCF7  transfected  with  HMGN2  or  NBDmut  cDNA  expression  vectors.  MCF7 
cells  were  plated  24h.  post  transfection.  2  pg  HMGN2  or  NBDmut  cDNA  were  then  transfected  into  cells  using  Fugene 
HD.  24  h.  post-transfection  cells  were  serum  starved  for  an  additional  24h.  Cells  were  then  treated  with  PRL  for  Ih.  The 
values  are  those  of  a  representative  experiment  repeated  three  separate  times,  where  SEM  indicates  the  error  of  three 
replicate  measurements  within  one  experiment. 


Figure  6.  HMGN2  knockdown  impairs  PRLr  and  StatSa  promoter  binding.  (A-B)  shNS  or  shHMGN2  cells  were 
serum  starved  for  24  h.  prior  to  PRL  treatment.  Cells  were  then  subjected  to  chromatin  immunoprecipitation  using  anti- 


PRLr  (A)  or  anti-Stat5a  (B)  antibodies.  IgG  demonstrates  the  negative  control  in  this  experiment  and  all  results  are 
reported  as  fold  change  by  normalizing  to  IgG  conditions.  The  values  are  those  of  a  representative  experiment  repeated 
two  separate  times,  where  SEM  indicates  the  error  of  three  replicate  measurements  within  one  single  experiment. 

Figure  7.  The  PRLr  TAD  promotes  a  transformed  phenotype.  (A)  MCF10AAp53  c  transfectants  were  suspended  in  a 
0.3%  agar-medium  mix  supplemented  with  PRL  (250  ng/mL)  for  10  days,  ach  condition  was  photographed  under  phase- 
contrast  optics.  (B)  Quantification  of  the  average  colonies  per  field.  Each  condition  was  set  up  in  triplicate  wells  and 
error  bars  represent  SEM. 

Figure  8.  Model  for  signal-dependent  PRLr  transactivation. 

1)  Ligand  induces  PRLr  Y406  phosphorylation  and  PRLr  nuclear  localization.  2)  PRLr-mediated  recruitment  of  HMGN2 
facilitates  engagement  of  the  PRLr/Stat5a/HMGN2  complex  onto  the  CISH  promoter.  3)  The  coordinated  assembly  of  this 
complex  promotes  CISH  transcriptional  activation. 
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Supplemental  Figure  Legends 

Figure  SI.  The  PRLr  localizes  to  the  nucleus.  (A-B)  Cell  fractionation  and  western  blot  analysis  in  cells  transiently 
transfection  with  PRLr  cDNA.  MCF7  (A)  or  CHO  (B)  cells  were  transfected  with  a  V5 -tagged  PRLr  cDNA  construct. 
48  h.  post-transfection  cells  in  normal  growth  conditions  were  partitioned  into  nuclear  and  non-nuclear  fractions.  An  anti- 
V5  antibody  specific  (to  recognize  PRLr)  was  used  to  demonstrate  the  nuclear  presence  of  full-length  PRLr..  To 
demonstrate  that  proteins  from  the  endoplasmic  reticulum  (ER)  are  not  contaminating  nuclear  fractions  non-nuclear 
fractions  were  also  probed  with  anti-calnexin,  an  integral  ER  membrane  protein  or  anti-KDEL,  a  receptor  in  the  ER  that 
functions  in  protein  folding  and  assembly  .  (C)  No-antibody  negative  control  for  immunohistochemical  analysis  in  Figure 
1C. 


Figure  S2.  Nuclear  PRLr  participates  in  StatSa-mediated  gene  expression.  (A)  T47D  cells  were  serum-starved  for 
24h.  prior  to  treatment  with  PRL  (30  min).  Cells  were  then  partitioned  into  non-nuclear  and  nuclear  fractions  and 
subjected  to  co-immunoprecipitaion  analysis  using  an  anti-PRLr  ECD  antibody.  Results  demonstrate  the  ligand- 
dependent  association  of  PRLr  and  StatSa  in  the  nucleus.  (B)  T47D  cells  were  serum-started  for  24h.  prior  to  30  min 
treatment  with  PRL.  Chromatin  immunoprecipitation  was  then  performed  using  an  anti-StatSa  antibody  to  demonstrate 
StatSa  occupancy  at  the  CISH proximal  promoter  upon  PRL  stimulation.  (C)  ChIP  assay  as  performed  in  B,  using  an  anti- 
PRLr  ICD  antibody  to  demonstrate  PRLr  occupancy  at  the  CISH  proximal  promoter  upon  PRL  (30  min)  stimulation. 
Reported  values  are  those  of  a  representative  experiment  repeated  three  separate  times,  where  SEM  indicates  the  three 
replicates  within  one  experiment.  (D)  Western  blot  to  assay  expression  of  wild-type  PRLr,  PRLr-NLS  or  NLS-ICD  in 
293T  cells.  (E)  Luciferase  assay  measuring  the  activity  of  the  CISH  reporter  in  MDA-231  cells  expressing  the  indicated 
constructs,  as  performed  in  2E.  Reported  values  are  those  of  a  representative  experiment  repeated  three  separate  times, 
where  SEM  indicates  the  error  of  triplicate  transfections  performed  within  one  experiment. 


Figure  S3.  The  PRLr  transactivation  domain  is  necessary  for  StatSa-mediated  gene  expression.  (A-B)  Western 
analysis  of  MCF10AAp53  (A)  or  MCF7  (B)  stable  cell  pools  expressing  V5  tagged  PRLr,  PRLrYDmut  or  empty  vector 
control.  (C)  Real  time  PCR  performed  on  cDNA  collected  from  PRL-treated  MCF10AAp53  stable  cell  pools  to 
determine  CISH  mRNA  induction.  Values  were  normalized  to  GAPDH  RNA  and  fold  change  was  calculated  by 
comparing  each  value  to  the  non-treated  control  sample  and  are  representative  of  three  separate  experiments  where  SEM 
demonstrates  the  error  between  replicates  within  one  experiment.  (D)  CISH  luciferase  activity  in  MCF7  cells  transfected 
with  PRLr,  PRLrYDmut,  or  an  empty  vector  control.  (E)  Western  analysis  of  MCF10AAp53  stable  cell  pools  using 
phospho-specific  antibodies  against  Erk  and  Akt. 

Figure  S4.  HMGN2  depletion  impairs  CISH  mRNA  induction  while  HMGNl  depletion  has  no  effect.  (A)  HMGN2 
shRNA  knockdown  efficiency  measured  by  RT-PCR.  (B)  Western  blot  analysis  of  T47D  stable  knockdown  cell  pools 
expressing  shRNA  against  HMGN2  or  a  control  sequence,  termed  shHMGN2  or  shNS.  (C)  HMGN2  siRNA  knockdown 
efficiency  measured  by  RT-PCR.  (D)  Real  time  RT-PCR  performed  on  T47D  cells  transfected  with  control  or  HMGN2 
siRNA.  (E)  HMGNl  knockdown  efficiency  measured  by  RT-PCR.  (F)  Real  time  RT-PCR  was  performed  on  T47D  cells 
transfected  with  HMGN 1  siRNA  or  a  control  siRNA  and  treated  with  PRLr  for  1  or  4  h.  in  order  to  assess  CISH  transcript 
levels.  Reported  values  are  those  of  a  representative  experiment  repeated  three  separate  times,  where  SEM  indicates  the 
error  of  quadruplicate  transfections  performed  within  one  experiment. 


Supplemental  Tables 

Table  SI.  Primer  sets  for  site-directed  mutagenesis 


Construct  Primer  set 

PRLrYDmut  olg388GCCAGCACAACCCCAGATCCTCTTTCCACAATATTACTGCCGTGTGTGAGC 
olg389GCTCACACACGGCAGTAATATTGTGGAAAGAGGATCTGGGGTTGTGCTGGC 

NBDmut  olg  409  CACAGAGAAGAGAGGCGAGGTTGGAGGCTAAACCTGC 

olg4 1 0  GCAGGTTTAGCCTCCAACCTCGCCTCTCTTCTCTGTG 


Table  SII.  Primers  for  RT-PCR  and  ChIP 


Gene  name 

primer  sequences  (5'-3') 

Amplicon 

RT-PCR 

GAPDH 

olg74CATGAGAAGTATGACAACAGCCT 
olg75  AGTCCTTCCACGATACCAAAGT 

511-623 

CISH 

olgl33  AGAGGAGGATCTGCTGTGCAT 
olg  134  GGAACCCCAATACCAGCCAG 

311-380 

PRLr 

olg  1 5 1  C  AC  AACCCC  AGATCCTC 
olg  152  GGCGTATCCTGGTCAGTCTC 

1267-1472 

HMGNl 

olg407  CGCGGTTGTCAGCTAAACCT 
olg408  TCGCTGCTGCCTTTTTCG 

65-124 

HMGN2 

olg392  GCAAAGGTGAAGGACGAAC 
olg  393  GTACCTTCTCTCCCTTCTTTG 

43-157 

Chip 

CISH  proximal 
promoter 

olg  108  AGCCCGCGGTTCTAGGAA 
olg  109  AGCTGCTGCCTAATCCTTTGTC 

-140/  -68 

CISH  coding 

olgl33  AGAGGAGGATCTGCTGTGCAT 
olg  134  GGAACCCCAATACCAGCCAG 

+311/+380 
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